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» Meniscectomy leads to premature osteoarthritis
of the knee joint

» New paradigm of healing by repair and
regeneration of meniscus tissue

» Need for promising substitute

> Replacement tissue for cartilage is successfully
generated based on cell cultured scaffolds
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Experimental study of cell-seeded nonwoven
scaffolds in an array of perfusion chambers

ldentification of crucial stimuli for chondrocytes and
stem cells (ADSCs) => cell proliferation,
differentiation, and migration

Deduction and study of multiscale models

Development of efficient numerical methods for
coupling of models on several scales and for
parameter identification

Set up of a feedback loop of in silico and in vitro
results to improve modeling and experimental
design
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Scaffold characterization P oryTae nerure s

Polyethylene terephthalate (PET) needle felts (hnonwoven)

characterized by:

« Scanning electron microscopy (SEM)

» Micro computed tomography (UCT)

* Indentation mapping

» Multi-step confined compression relaxation test
» Unconfined compression creep test

267-292 g, 25x30 mm?

>
preferencial direction of fibers
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Characterization of the biomechanical performance of the scaffolds

I: Indentation mapping (dry vs. hydrated in 10 mL PBS for 2h)

« N= 6 samples, 6 measuring points/sample 4 = ’ L5 Tl

* Indentation amplitude: 15 % hO0 ' B agindenteh
. . 7 4 \,,x )

* Relaxation time: 10 s o \ )

» Spherical indenter: @ =5 mm

- Maximum force (Fmax)

Il: Multi-step confined compression relaxation test (viow et al., 1980)

* N =6 cylindrical samples & 5mm
» 3 consecutive strain levels (¢ = 0.1, 0.15, 0.2)
* Relaxation time: 30 minutes

g

—~ Equilibrium Modulus (E,,)
- Permeability of the fiber network (k)
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Il: Unconfined compression creep test

2 N maximum force

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

- Stress-strain diagram to calculate the creep rate




7| Results

SEM and puCT of PET nonwoven fabrics

5-5 5.0kV 0.9mm x400 SE 5/13/22 10:28
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PET grammage: 317 g/m?

» Textile volume/total volume = 14.85 = 0.52 %
» Porosity = 85.15 *+ 0.52 %
» Structure model index (SMI) =2.35 = 0.04 %

(SMI = 0 for plates, 3 for rods and 4 for solid spheres)
@ ufbulm
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Histogram x
B el @ &

= Fromimage &8 From dataset

Grayscale ndexes  Hounsfield uris  Attenuation coefficient  Bone mineral density

Index (%) Volume (mm™3) Total (%) Selected (%) ~

Mean [total): 24,0803765

Selection
Begn: 50
End: 254

Number of voxels: 1298858277
Mean: 996913243
_—-— A Ao =

Palette x

€ | Onainal v Apply to window

Percentage of
volume in range
Range (mm) Mid-range (mm) Volume (mm?) (%)
0.00398 - <0.01194 0.00796 19.1 23.3
0.01194 - <0.01989 0.01591 44.8 54.8
0.01989 - <0.02785 0.02387 17.2 21.0
0.02785 - <0.03581 0.03183 0.8 0.9
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Wilcoxon testing, *p<0.05

[ J267-292 g/m?

267-292 g/m?

400 - 420 g/m?

B 400 - 420 g/m?

dry

hydrated

R

1400 - 420 g/m? sterile (25 kGy)
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10 % 15 % 20 % 10 % 15 % 20 %

600 * * *

wineallal

Differences between scaffolds: Kruskal-Wallis testing, *p<0.05

[ 1267-292 g/m> [ 400 - 420 g/m? 1400 - 420 g/m? sterile (25 kGy)
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Seeding of articular chondrocytes

Cell seeding

/
B

PET nonwoven fabric

5x10°ACs
1x108 ACs
2x10% ACs
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= DT
d14 d21
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Sample collection
)
5x10° ACs

= Ej 1x106 ACs
= Ej 2x106 ACs

Gene Microscopy
expression




Gene expression

Gene expression
relative to GAPDH
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ACAN SOX9
1 1
x T ]
g g9 > Upregulation of
g 0.15 2 0.1 .
o - g0 chondrogenic markers
Sl Bl |G iE oo from d14 to d21 (except
Z - % - é 83 B - SOX9in 1x108 ACs)
0.001 :5:5:5.:5:5:5 é :{:{:;:{:{:{ Z 0.001 :5:5:5.:5:5:5 777 ii:g.ﬁi
d14 d21 di14 d21 .
» Overall, low expression of
COL2A1 COL10A1 the investigated markers
! 103 ]
0 s3 | | o
‘n % o -
0.01 % § S ] i [
g e 15 s [
0.001 & é @S ] P é e 5
|7 & ' )
000001 7 N 17 . 1x10° ACs
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Cell adhesion and proliferation PoZI s

ACs 14 days
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Cell adhesion and proliferation PoZI s

Scanning electron microscopy (SEM)
1x106 ACs
day 21
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AN\ %
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DITF_4730 2022.11.30 x200 500 um DITF_4740 2022.11.30
1e6 21d Diff. 10Min US, 3h OS 1e6 21d Diff. 10Min US, 3h OS 1e6 21d Diff. 10Min OS, 3h US

DITF_4732 2022.11.30 x50 200 um
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- — — Surface

/ /[ /A
— Cross section

100 um

Confocal microscopy, 1x108 ACs, day 21, sections: 200 — 300 pm
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» Successful seeding of scaffolds with ACs
» Adequate culture conditions for cell adhesion and proliferation, but absence of matrix production

Open research questions:

» Differentiation of stem cells before seeding or after seeding inside the scaffolds
» (Coating of scaffolds with hyaluranic acid

» Relevant end points

» Differentiation/matrix production under perfusion stress

uﬂ:)ulm
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» Development and production of a perfusion chamber for long-term experiments
(up to 4 weeks)

[ T
Setup in a bioreactor/
incubator

1) BiOreaCtOF(medium conditioning & supply)
2) Peristalticpump
3) 24 well plate

4) Nonwoven scaffold
5) Pressure-Caps
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A multiscale approach

Multiscale
: . description
Parabolic Upscaling of meniscus
" tissue
regenerati
5 " Macroscale . e
(RDTEs for ADSCs N
\ 4 ' and chondrocytes)
Mesoscale
(KTEs for ADSCs and
| chondrocytes) 1
Microscale \
(Receptor binding " Scaffold (h)
kinetics) — ECM (k)
(ODEs)

Nishith Mohan A cell-based mathematical model for meniscus tissue regeneration




Modeling cell migration and (de) differentiation in a scaffold

kK~

0icy — VV : (Dyey) + V- (

W
W

wWo

Oica — VV : (Dacs) = a4 (k, S)

w1

B(/I.. ]\)Z(B(h A) # )\]())
= —ay(k, S)c1 + as(k, S)%(:-’_) + Ber (1 —ep —e2),

c1 — as(k, S)cs.

D,V B(h, A')(_71>

Parabolic Upscaling

Macroscopic equationsfor ADSCs and chondrocytes

Op1+ V- (vp1) + 0.(G(z, h, k)p1) = L1[M1(2)]p

+ (de)differentiation & proliferation,

/’/
Q Op2 + Vi - (vp2) = La[A2]p2 + (de)differentiation.
e
B KTE for ADSCs and chondrocytes
¢ =—zB(h,k) + (B(h, k ))21 VaB(h, k) := G(z,h, k), e ¢; macrpscopic cell density of ADSCs,
h i e > macroscopic cell density of chondrocytes,
with B(h,k) =7 =+ 75 — + 71" oo
H ° K e h: density of hyaluron,

Receptor bindingkinetics

Nishith Mohan

k: density of ECM.

A cell-based mathematical model for meniscus tissue regeneration




Modeling cell migration and (de) differentiation in a scaffold

AT_/\l 1
B(h,k)2(B(h,k) + A1)

Co + ,1‘3(?1 (]. il < i (,'2) ’

0ic1 — VV : (D1c) + V- ( D,V B(h, A')('1>

w1

—ay(k, S)ey + as(k, S)

5)

(95)

c1 — as(k, S)es.
1

Oyca — VV : (Dacs) = ay(k, S)

(JJ

Macroscopic equationsfor
ADSCs and chondrocytes

D;,i = {1,2}- encodes the orientation distribution of scaffold fibers

—

Di(x) = / v 1'([(1 : )(11'. and
A0 Jy,

b7 74 (Di('i) =V: (D,’V(',' T ('/v 3 D) L = {1‘.)}

Wi
1 . .A‘ )\ wWo n—1
Dy (z) = \_ l,(l((" ')(] N /\m <__1> D, (z)
A2 Jy ) 2 W

Nishith Mohan A cell-based mathematical model for meniscus tissue regeneration



Complete model

0y — VV :

= —ay(k, S)c

Orea — VV i (Dac2) = an (k, S) )es
Wi
‘ Co
Osh = —71he: _
1 ’]1l62+1+(:2_
(‘Ms: = _51(51;‘: — Ca. ,“).w()ff”,r: -

(ID]](,‘]) + V-

k™A1
(BU.’. k) + )\1())

(B(h, k)2

+ o (k, S)w—](.‘g + Ber (1 —c¢p —eg),

wWa

D,VB(h, kr)(:l)

Macroscopic equationsfor
cell dynamics

1
)<U

V-ou(np,pp) =0

Biot’s equations

pp+ V- (m,rp)) +V-u, =0.

—K(Vp—psg)/p.

Darcy law

propuyr —V-or(ug,pr) =0,

in ¢

and V-uy =0,

2;-_ | Unsteady Stokes equation

Ty 7 o [ 73 \ Y [ \ . T W
;I.!I_\] Uellip) Anl s Hp g+

Equation for stress

Nishith Mohan
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A simplified macroscopic model for meniscus tissue regeneration

Orcy = a1Acy — V- (bjeyVh) — V- (b2 VE)
—ay(k)ey + as(k)es + Ber (1 — ey — e — k),
Orce = Acs + ai(k)ey — az(k)cs,

Co

Orth = —~v1hco + "
n y11C2 iy

Otk = —d1c1k + co,
subject to boundary conditions

dcy i oh i gk Ok  Ocs
ov Ll v sl v  Ov

=0 on 51 x (0,T),

and, initial conditions

Nishith Mohan A cell-based mathematical model for meniscus tissue regeneration




Theoretical results

e (Global existence of weak solutions for n = 3.

e Turing instability with respect to haptotactic sensitivity b.

Nishith Mohan A cell-based mathematical model for meniscus tissue regeneration




Outlook

» Bio-reactor experiments to include mechanical effects on (de) differentiation.

* More careful modeling of mechanical and tactic effects on microscale

Lagra ngian — ROTEs with modified drift Two-way coupling with
. KTEs — (involving mechanics — : Y pling .
eq uations effect) fluid and deformation

* Including detailed information about scaffold, possible effect of porosity and stiffness.

Nishith Mohan A cell-based mathematical model for meniscus tissue regeneration
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Forward simulations
Sensitivity analysis
Parameter identification
Simulations costs reduction
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Simulations of tissue regeneration
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3D simulations (FreeFem++ with PETSc)

Parallel simulations of a problem of tissue regeneration

' 5.1e-02

—0.04

-

002 9

l 0.0e+00

Industrial tissue

Adipose stem cells density

2/6 Elise Grosjean Numerical simulations



Simulations of tissue regeneration

KAISERSLAUTERN

‘ ufbulm D | —| I_ I‘E TECHNISCHE UNIVERSITAT

DEUTSCHE INSTITUTE FUR

TEXTIL+ FASERFORSCHUNG

3D simulations (FreeFem++ with PETSc)
How the parameters influence the models?

§ Unsteady
o # < Stokes
Loos . -
Loco : Industrial tissue
Biot- |
~ Darcy —

[§ E. Grosjean, B. Simeon, C. Surulescu. A mathematical model for meniscus
cartilage regeneration (preprint, 2023)

2/6 Elise Grosjean Numerical simulations



Sensitivity analysis

Sensitivity analysis calculates the rates of change in the output
variables of a system which result from small perturbations in the

3/6

problem parameters.

Pp—u(p), p= (., tn)

Sensitivities: g_:j(X;ﬂs)’ j=1,...,n.

ANAS
Labe \:" [ e
’4‘; Dol A 02

ADSC sonsifivity with respect fo b 150 dt

Diffusion How to find p°?
Haptotactic parameter

Differentiation parameters

ADSC’ density sensitivity with

resp. to by (150 dt)

Elise Grosjean Numerical simulations



Parameters identification
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Identification of a, b, a, B with Gauss-Newton algorithm (Tikhonov
regularization) on Q=[0,1] x [0,1], T =1

Parameters identification Parameters identification
08
o175 —— forward: a
—— forward: b
forward: a
—— forward: g

uuuuu

— true:a
—— true: b

07+
06-
-—- true:a
01287 — true:b
true: a °*q true: y
w0100 —— true: B ¢ -—- true: B
H Foad
H
£ 0,075~ &
03+
nnnnn
02+
~
025 \\ - <L
00+ S
r T T T T 1 T r T y T
H 1o 15 % 3 2 i 5 3 1 12
Numb Number o terations

o

ooooo =

o |dentification successful provided initial guess not too far
¢ Need experimental values

Elise Grosjean Numerical simulations



NIRB on the sensitivity equations

How do we reduce the time simulations of the sensitivity
equations?

@ Grosjean E., and Simeon, B. (2023). The non-intrusive reduced basis two-grid method applied to
sensitivity analysis, Preprint.

'V‘.F: X (Q; ; ».

PR -~ y. -

< ¢. N \ < '. » ‘

o Y N T 35003 4y s 350-03
o™ \"» LA, I o2 S \;0 C I oo

8 XL /
=GN

0002 |
/

SC sensitivity 150 dt
W
P
.
, 1
yo
-~
5 ©
5
8
s
ADSC sensitivity 150 dt

- > b— > ’
A ‘.\% ', o srend el ‘, ?/ I s1e03
'111"«\ e < '111‘-,\ y
ReBLX KeztH
(a) FEM fine sensitivities after 150 time steps (b) NIRB approximation with N =40

o Accurate results with online time saving
o Many training solutions required
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Conclusion & perspectives

Conclusion
o Forward simulations' 2
o Loosely coupling between the two models?
o Sensitivity analysis of two models: Cells density and bioreactor models (2nd talk)
o New methodology for the sensitivity to reduce simulations costs®

Perspectives
o Models simplification
o Validation with measures (1rst talk)
o Enhancement of our NIRB method* °
o Other sensitivity evaluations (e.g. Sobol indices)

1Simeon, B., Die Macht der Computermodelle: Quellen der Erkenntnis oder digitale Orakel? (2023)

2Grosjean E., Simeon, B. The non-intrusive reduced basis two-grid method applied to sensitivity analysis, preprint, 2023

3Grosjean, E. Simeon, B., Surulescu. C. A mathematical model for meniscus cartilage regeneration, preprint, 2023

4Maday, Y., Stamm, B. Locally adaptive greedy approximations for anisotropic parameter reduced basis spaces (2013)

5Barnett, J. L., Farhat, C., Maday, Y. Mitigating the Kolmogorov Barrier for the Reduction of Aerodynamic Models using
Neural-Network-Augmented Reduced-Order Models (2023)
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